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Abstract. Urban and interurban road freight transport is one of the fastest growing modes of 
transportation. Today 20 percent of all transport-related CO2 emissions in Germany are caused 
by commercial vehicles. Due to this situation new innovation technologies for future vehicles 
are needed, especially to improve energy efficiency and to minimize emissions in a cost-
effective way. 
Amongst others, powertrain electrification and reduction of the driving resistance, e.g. by 
means of lightweight technologies, are specific possibilities to achieve these goals, which have 
to be holistically matched to the particular transport task. 
 
In the context of this paper a systematic approach for analysis and validation of novel technol-
ogies is presented regarding light commercial vehicles within urban traffic applications. 
Based on Modelica / Dymola libraries new powertrain technologies were analyzed with respect 
to the individual transport solution and the customer’s boundaries conditions. These results are 
considered in the design and dimensioning of commercial vehicles.  
In the holistic approach to the transport task, this considers the advantages and disadvantages 
of the different technologies and is evaluated by a total cost of ownership (TCO) and well-to-
wheel analysis of two vehicle concepts. The result is a coordinated systematic design of the car 
structure and the powertrain, than can also partially prototypically implemented and validated. 
  
Fig. 1: The design of a drive concept (left) and a structural analysis (right). 
 
 
1 Motivation, trends and drivers for future commercial vehicles  
From 1960 to 2011, freight transport services in Germany have more than tripled, with 
the greatest rates of growth seen in road traffic [8]. This trend has remained unbroken, 
which leads to the logical assumption that the road freight transport volume in the EU 
will grow by more than 30% over the next 20 years [3]. 
At the same time, we must take into account global developments and trends such as 
the necessity for resource conservation ("peak oil"), protection of the environment 
through emission reduction (greenhouse gases, legislation) and the demographic shift 
in individual countries as well as continuing urbanisation [1, 4, 6]. 
In addition to these global developments, specific local challenges represent a particu-
lar challenge, especially in urban areas. Local emissions (CO2, NOx, and particulate 
matter), time- and area-related access restrictions, guaranteeing traffic safety and the 
development of cities regarding land and infrastructure consumption must be taken 
into account when implementing or retracting logistics concepts involving trucks. The 
objective here is to control development in such a way that an essentially CO2- and 
particulate matter free city logistics plan has been implemented in larger urban centres 
by 2030. This plan must minimise the respective negative effects of commerce traffic 
for the cities' populations, yet still be affordable [4, 5, 7]. 
 
Attainment of this goal requires innovative solutions and holistic views of vehicle 
concepts which are co-ordinated with specific transport tasks. Innovative solutions 
regarding increasing loading space, low-emission power train technologies, traffic 
management and driver assistance systems, reduction in driving resistance through 
aerodynamic optimisation and lightweight construction strategies represent possible 
starting points for this [1, 2, 3, 4, 7]. 
 
Fig. 2: Challenges and solution approaches to future city logistics planning and the re-
quired road freight vehicles 
The holistic approach to developing new vehicle concepts mentioned above is being 
pursued at the Institute of Vehicle Concepts. As part of this paper, the process will be 
presented for future inner-city commercial traffic using a vehicle concept design 
("Citylog EMV1, Electric Multifunction Vehicle") as an example. The focus here is on 
deriving possible vehicle concepts and power train technologies in accordance with 
binding transport-specific requirements. Finally, the necessary considerations regard-
ing costs (total cost of ownership) and well-to-wheel analysis are presented so that the 
potential of this systematic procedure and concept development can be evaluated. 
2 "Citylog EMV" – Inner-city commercial traffic 
In the future, delivery vehicles which will be able to supply freight locally, emission 
free, within cities will become increasingly necessary for inner-city commercial traf-
fic. This chapter covers the topology of the area of implementation (Stuttgart in this 
example) and the derivation of an idealised driving cycle for the Citylog EMV. The 
performance and energy demand, together with the requirements of the transport task, 
are determined as input variables for the definition of the vehicle concept using this 
driving cycle as a basis. 
——————— 
1 The Citylog EMV was a joint research project from DLR and the company HET 
Verkehrstechnik (Austria) 
2.1 Framework conditions in the Stuttgart emission zone 
Not only because of the immediate proximity, it is Stuttgart's first place standing in the 
2012 Germany-wide fine-dust ranking [13] (a position not new to the city) which 
highlights the need for action with regard to low-emission distribution vehicles. Fig. 3 
shows the current progression of the Stuttgart emission zone (area within blue border) 
and the route selection (red and green routes) for the Citylog EMV. 
  
A delivery at the edge of the emission zone was chosen to serve as an example here. 
The starting point was somewhat inside the emission zone, since access occurred over 
a national motorway and this position is suitable as a possible transfer and loading 
point for the Citylog EMV. The EMV thus gains access via the inner-city streets 
marked in red in Fig. 3. 
 
 
Fig. 3: Stuttgart emission zone (blue) with commute to depot (red) and delivery cycle 
(green) 
 
 
 
Fictional depot 
Inner-city distri-
bution traffic 
2.2 Transport task 
The Citylog EMV must fundamentally fulfil a variety of transport requirements. For 
this conceptual design following requirements are important: 
 
- Cross-loading of the drivable delivery unit to a common truck cargo area. 
- Loading of the delivery unit with up to three Europool pallets (as per EN 13698). 
- Zero-emission and silent running for urban areas. 
- Solution with a simple chassis frame. 
 
An important criterion for deciding on the size is the vehicle's use as an intermodal 
system in conjunction with larger trucks for longer transport routes. The dimensions of 
a drivable delivery unit are limited to 2,400 mm in length and to 1,200 mm in width 
(without conversion). 
 
Another important criterion is to designing the maximum payload. This was set at 2.25 
tonnes, making a total permissible weight of 3 tonnes. It follows that three Europool 
pallets with 12 x 0.75 L glass bottles, including beverages and crates, and 40 
crates/pallets, for example, can be transported.  
 
The delivery route selected for the example is located in the Stuttgart city centre, with 
its shopping centres and retailers (see Figure 2, green marking). Local zero emissions 
and silent running is also important. This is especially necessary in sensitive inner-city 
areas, e.g. in pedestrian areas with old buildings and pedestrian traffic. A number of 
different technical propulsion concepts are available for implementing a zero-emission 
vehicle. Of these, concepts with a fuel cell system and purely battery-powered power 
train concepts can be examined and evaluated for the Citylog EMV. Additionally, the 
vehicle should be able to transport people, e.g. in national parks and amusement parks. 
This opens up an additional area of use which can be realised by modifying the de-
sign.  
 
The simple chassis frame design is to be implemented without suspension, which 
results in a reliable maximum velocity of 40 km/h. 
2.3 Definition of a driving cycle for the transport task 
A driving cycle which is as close to realistic as possible for the purpose is necessary 
for designing the power train systems and working facilities of vehicles. To generate 
this driving cycle, actual recorded trips of different vehicles and purposes are ana-
lysed. The analysis of the driving cycles begins with a static frequency distribution of 
the velocities and elevations experienced. In another step, the time-based progressions 
of individual load cases are considered. Acceleration processes, i.e. how frequently 
and strongly the vehicle is accelerated, provide relevant information. The number of 
stop-and-go phases can be derived from this. Finally, the base, average and peak loads 
are evaluated. The peak load can arise as a result of driving up rises in elevation, as in 
the case of the Stuttgart emission zone, or as a result of heavy acceleration processes. 
The difference between an empty trip and a trip with a maximum load can be illustrat-
ed with the base and average loads. A statistical relevance analysis, under considera-
tion of the load component weighting and the areas prepared in advance yield the 
specific reference cycle.  
 
The specific reference cycle is the basis for a true-to-reality consumption simulation. 
Vehicle simulation models are created with the Modelica/Dymola simulation envi-
ronment and the AlternativeVehicles Modelica library developed at the Institute of 
Vehicle Concepts, which is specially designed to determine the energy and perfor-
mance requirements of alternative power train technologies. The simulation results 
describe the energy consumption of the vehicle in a realistic usage scenario. Operating 
strategies can be further adapted and configured individually.  
 
Fig. 4 shows the idealised driving cycle for the Citylog EMV. It is comprised of three 
sub-areas: arrival, the distribution trip and the return trip. The arrival and return trip 
from the fictional depot to the junction in inner-city distribution traffic take place on 
public roads (see red progression in Fig. 3 and Fig. 4). A maximum velocity of 
40 km/h is reached here, whereby the average velocity was 30 km/h over a driving 
time of about 12 minutes each.   
Three velocities appropriate for driving in low-traffic areas and pedestrian areas are 
assumed for inner-city distribution traffic (4 km/h, 7 km/h and 12 km/h) (see green 
progression in Fig. 3 and Fig. 4). Six stations were stopped at for loading and unload-
ing in 37 minutes. The average velocity was 6.3 km/h. Together with the assumed 
loading and unloading times of a total of 10 minutes, the vehicle is under way for a 
total of 71 minutes and covers 15 kilometres for a delivery trip from the fictional de-
pot to the inner city and back to the depot again. Assuming an 8-hour work day, this 
delivery trip can be repeated six times, leaving 54 minutes available for loading and 
unloading at the fictional depot. 
 
Fig. 4: Stuttgart velocity and elevation profile for the EMV 
2.4 The Citylog EMV design 
The basis for determining the energy requirement and performance demand of the 
Citylog EMV is the idealised driving cycle. The following vehicle parameters are used 
for the energy and power calculation:  
- gross vehicle weight   3 t 
- drag coefficient    0,8 
- drag area       3,78 m2 
- Rolling resistance   0,02 
The result is an energy consumption value of 2.7 kWh for the lap of one driving cycle, 
with a brief maximum required propulsion power of 26 kW.  
 
Based on the framework conditions and requirements (see chapter 2.2), two different 
vehicle concepts and package arrangements were derived. A hybrid-concept version 
(combination battery and fuel cell system) and a purely battery-driven version are 
analysed here. (cf. Fig. 5) 
 
 
 
 
 
 
 
 
 
Packaging space Fuel cell hybrid-concept  Battery-powered concept 
Fig. 5: Design space analysis and vehicle architecture 
As noted in the previous section (2.3), a work shift of 8 hours is assumed. The vehicle 
should drive without being supplied with any additional external energy for this 
amount of time. This results in the following design parameters for the two versions 
being considered: 
Table 1: Power, energy, weight and package size for both vehicle concepts 
 Power / Energy Weight Package  
Rated asynchronous machine power 20 kW 28 kg 301 L 
Battery-powered version: 
Lithium-iron phosphate battery system 21 kWh 210 kg 161 L 
Fuel cell hybrid concept: 
PEM2 Fuel cell system power 6 kW 18 kg 40 L 
Hydrogen tank (40 l): 36 kWh 
(1.08 kg H2) 
22 kg 59 L 
Battery capacity (lithium-iron phosphate): 6 kWh 60 kg 46 L 
The power train system is comprised of the converter, the power train motors and the 
system components of the energy supply. The system components of the fuel cell 
hybrid version are a battery, fuel cell and hydrogen tank.  
——————— 
2 Polymer electrolyte membrane 
3 Overall assessment of the Citylog EMV 
To get an overall assessment of the two different propulsion concepts and to demon-
strate real value to the customer, systematic analyses based on the transport task pre-
sented is necessary.  
3.1 Total cost of ownership consideration 
The economic assessment of a commercial vehicle concept based on the respective 
area of use, much more so than technical feasibility, is decisive for customer ac-
ceptance. The total cost of ownership (TCO) method developed within the framework 
of the acquisition strategy is a suitable tool for this purpose. A life cycle-oriented 
assessment which considers both the manufacturing costs and the costs of operative 
use is paramount here. Fig. 6 illustrates the composition of the life-cycle costs and 
shows scope of the total cost of ownership (TCO) within this overall picture. 
 
 
Fig. 6: Composition of the life-cycle costs [8, 9] 
 
The assessment model used is oriented toward the system represented in Fig. 6 and 
determines the total cost of ownership based on the previously defined vehicle config-
urations, the usage and driving profile-characteristic data. The specific total costs of 
ownership are based on an annual value (€/a), the number of kilometres (€/km) or the 
transport capacity (€/tkm). 
 
In the following, the vehicle concepts considered in the chapters above are assessed 
using the TCO method demonstrated. The calculations are based on 20,000 km per 
year of driving and a service of 10 years. The prices of the key components are taken 
from Boer et al. [10]. Accordingly, the basis used for the battery system was 
€2010450/kWh; for the fuel cell system, it was €2010975/kW [10]. These values apply 
for currently limited quantities. In addition, a low-price scenario (dark bar) and high-
price scenario (light bar) were presented by analogy with Boer et al. [10]. The prices 
of the battery and fuel cell system were varied by +/– 25% here. The corresponding 
prices of the energy sources were also taken from Boer et al. [10]. Table 2 shows the 
underlying assumptions. 
 
Table 2: Scenario assumptions as per Boer et al. [10] 
  Low-price scenario High-price scenario 
Battery system €2010/kWh 338 563 
Fuel cell system €2010/kW 731 1,219 
Electricity price €2010/kWh 0.105 0.135 
Hydrogen price €2010/kg H2 3.29 7.41 
 
Considering the configurations shown in Section (2), the vehicle investment costs 
result as shown in Table 3.. 
 
Table 3: Investment costs of the vehicles (separate calculation) 
Investment costs  Low-price scenario High-price scenario 
EBV €2010 18,432 25,722 
FCHEV €2010 18,526 25,067 
 
To overcome the currently insufficient cycle stability of batteries3 and fuel cell sys-
tems4, a spare battery or fuel cell system, depending on the vehicle, was taken into 
consideration during the utilisation phase. 
 
Similar to the outline data described and the vehicle configurations derived from 
them, this yields the total cost of ownership shown in Fig. 7 specified in €2010/km. 
 
——————— 
3 Approx. 1,500 cycles or 6 years [10]; Required: 10 years 
4 Approx. 10,000 actual operating hours [10]; Required: 15,400 operating hours 
 
Fig. 7: Total cost of ownership of the vehicle architectures considered 
According to Fig. 7 the battery-powered vehicle is cheaper with regard to the total 
cost of ownership (€1.69–1.772010/km). The total cost of ownership of the fuel 
cell/electric hybrid vehicle is €1.702010/km to €1.812010/km. Considering the maximum 
transported payload of 2.25 tonnes (corresponds to 100% utilisation), this results in 
the corresponding total cost of ownership with regard to transport capacity of: BEV 
(€20100.75–0.79/tkm) and FCHEV (€20100.76–0.80/tkm). 
In the low-price scenario, the battery-powered electric vehicle profits from low in-
vestment costs5 and low operating costs due to the lower energy demand6 and the 
lower price of the energy source. In the high-price scenario, the investment costs of 
the fuel cell hybrid vehicle are lower, but the high costs of the energy source and the 
generally higher energy consumption7 in comparison lead to higher costs during the 
utilisation phase, which outweighs the advantage in acquisition.  
Finally, it should be noted that additional consideration of the costs arising due to 
missing availability, e.g. caused by loading times of different duration, can change the 
ranking in the total cost of ownership consideration. 
3.2 Well-to-wheel analysis  
Over the past few years, a large number of technological innovations have been de-
veloped to reduce the environmental burden of the transport sector. In the case of light 
commercial vehicles, ecological advantages can be  achieved, by the use of alternative 
fuels and power train technologies, for instance. The emission of greenhouse gases, in 
particular, plays a decisive role as an indicator for ecological assessment of vehicles 
and as motivation for technological developments. 
——————— 
5 The costs of construction are not taken into account in the investment cost. 
6 Conservative assumption: The EBV tank-to-wheel (TTW) efficiency is 73%. 
7 Conservative assumption: The FCHEV TTW efficiency is 45%. 
In general, the ecological assessment of vehicles can be made using the methodology 
of life cycle assessment (ISO 14040 and ISO 14044). In "cradle to grave" analyses, 
the entire life path is taken into account, i.e. vehicle and fuel provision, use and the 
end of the vehicle's life, including all upstream chains. If only the fuel chain, i.e. pro-
duction and use in the vehicle, is examined, this is considered to be a well-to-wheel 
(WTW) analysis. Potential environmental burdens are derived from the modelled 
material and energy flows of a product system using various impact chains. These 
environmental influences encompass various different aspects such as climate change, 
acidification, toxicity potential and  others. In this presentation, four impact categories 
are selected as an example: greenhouse gas emissions as an indicator of effects on the 
climate (CO2eq), the consumption of fossil raw materials (oil-eq), the acidification 
potential (SO2-eq) and the depletion of metals (Fe-eq). 
 
Alternative propulsion concepts such as fuel cells and battery-electric power trains are 
generally accompanied by a reduction in local emissions from vehicle operation. 
However, the advantages can be partly or fully offset by environmental burdens result-
ing from energy and fuel  production. In this article, the above-named impact catego-
ries of the Citylog EMV power train alternatives presented in Chapter 2 are analysed 
from a well-to-wheel perspective. 
The product system considered includes the production of lithium-ion batteries and a 
PEM fuel cell as components of the power train and the production of the hydrogen 
for the fuel cell hybrid vehicle (FCHEV) and the electricity for operating the battery-
operated vehicle (BEV), including the required distribution infrastructure. The func-
tional unit is the operation of the Citylog EMV over a period of 10 years with a driv-
ing distance of 20,000 km per year. The specifications of the batteries and the con-
sumption of hydrogen or electricity correspond to the specifications in Chapter 2. The 
batteries of both vehicles being assessed and the fuel cell are replaced once during this 
period. The data for manufacturing components and fuels is taken from the ecoinvent 
v3 LCA database [11]. The specifications are based on current production conditions. 
The data for fuel cell and battery production do not correspond to the exact specifica-
tion of the Citylog EMV, so the calculations presented here represent an initial ap-
proximation. The calculation of impact categories is carried out using characterisation 
factors of the ReCiPe impact assessment method [12]. 
The results of the calculations are presented in Fig. 8, where the 
values of the BEV version are shown in relation to the FCHEV. The components of 
the FCHEV include the fuel cell and lithium-ion battery; in the case of the BEV, it is a 
correspondingly larger lithium-ion battery. Accordingly, fuel means hydrogen provi-
sion in the case of the FCHEV and electricity provision in the case of the BEV. With 
regard to greenhouse gas emissions, the FCHEV exhibits clear advantages due to the 
high electricity consumption and the associated emissions of the BEV. The consump-
tion of fossil resources is highly correlated with the emission of greenhouse gases, as 
in the scenarios presented both the production of hydrogen and electricity in Germany 
at present are predominantly based on fossil energy sources. In the categories of acidi-
fication and, particularly, metal consumption, the production of power train compo-
nents results in considerably greater emissions overall. It can be seen in both catego-
ries that the FCHEV has an advantage based on the calculated hydrogen consumption 
and the smaller required battery size. 
Overall, it is apparent that in the case of the presented requirements and specifications 
of the Citylog EMV, the FCHEV has an ecological advantage. Both in the production 
of hydrogen and electricity, the environmental burdens for future vehicles can be re-
duced considerably if the fuels are obtained from renewable energies to a greater de-
gree.  
 
Fig. 8: The results of the four example impact assessment categories for the Citylog EMV 
with a fuel cell propulsion system (FCHEV) in comparison to a battery power 
train (BEV) 
4 Prototypical implementation and validation 
To validate the virtually developed concept, the equipment and resources available at 
DLR were used to build prototypes of the subsystems and validate the benchmark data 
on test benches. In this way, the fuel cell system was measured (for performance and 
consumption) as a hybrid system on a test bench and the operating parameters were 
specified based on the data obtained. 
The following test benches were used for systematic analysis of the power train sys-
tem: 
- Battery test rig  
- Fuel cell laboratory with explosion-protected equipment 
- Electric motor test bench 
 
An adjustable unit with a maximum output/input voltage of 600 V and a total output 
of 150 kW served as a source/sink for the test benches. This enabled test operation of 
the individual sub-components of the power train for commissioning or further devel-
opment. After commissioning of the individual systems, it is possible to connect the 
individual sub-components to one another in succession, thus enabling examination of 
their behaviour in the system network.  
Finally, the entire vehicle can be built at the Institute's own workshop and tested under 
realistic conditions (temperature, humidity etc.) on the climate chassis dynamometer 
test bench. This enables results which can be referenced to be generated, including for 
the EMV. 
 
 
Fig. 9: Example development of a prototype construction 
An important point regarding this procedure is the possibility of being able to carry 
this out not only on the power train side, but also on the structural design side. The 
fact that the payload can be increased through systematic lightweight construction 
without compromising the required safety plays a special role here. A special chal-
lenge is posed by ensuring passive safety here, as the alternative power train compo-
nents must be protected in case of an accident. This is done using a rigid frame struc-
ture and by placing critical components in protected areas. Further considerations are 
also planned for the future. 
5 Summary and Outlook 
In this article, a systematic approach for developing vehicle concepts designed for 
specific transport tasks could be demonstrated using an inner-city distribution vehicle 
as an example. The presented approach enables various different vehicle concepts to 
be assessed using TCO and WTW analyses based on the transport task and the driving 
cycles used as a basis. Realistic comparative values can be derived using this assess-
ment so that the optimum vehicle concepts and power train architectures can be se-
lected for the transport task. In this approach the fuel cell hybrid-concept requires 
10% lesser design space and 52% lesser weight than the battery-powered concept. The 
vehicle has a lesser curb weight and can carry more loads. The vehicle has a lesser 
curb weight and can carry more loads. Furthermore the total cost of ownership differ-
ent is marginal compared to the BEV. These analyses must then be validated by im-
plementing prototypes.  
 
This procedure was used in the first step for the distribution vehicle and must be de-
tailed further. For example, system optimisation using simulations and optimisation of 
the operating strategy must still take place. More precise analysis of the concepts and 
structural design is also necessary. 
In addition, the ecological potential of the alternative power train types presented here 
must be verified via greater depth in database detail. The greenhouse gas emissions of 
the battery-powered concept are three times higher as the emissions of the fuel cell 
hybrid-concept. The degree to which the use of renewable energies can be implement-
ed for both propulsion concepts in the future and what effects this has on the ecologi-
cal balance is another issue to be addressed. Future policy guidelines, as well as fur-
ther development of the necessary technologies, will also play a role here.  
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